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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Prevention of brittle crack propagation as well as crack initiation is essential as “double integrity”. The application of steels with 
high arrestability to the structures is directly effective to ensure the integrity. Although it is empirically known microstructures 
have a possibility to macroscopically enhance the arrestability of steel, there are not any theories which have quantitatively 
explained the relationship between brittle fracture and microstructures in the past investigations. In the present study, we propose 
a multiscale fracture mechanics model by a “model synthesis” approach, which integrates the multiple models and analyses to 
systematically evaluate complicated macroscopic and microscopic phenomena, based on the information of microstructures of 
the steel. The model is composed of (i) microscopic model to simulate cleavage fracture in grain scale (10−6~10−3m), and (ii) 
macroscopic model to simulate brittle fracture in steel plate scale (10−3~100m). As validation, the proposed model is applied to 
temperature gradient crack arrest test of steel plate having nonhomogeneous distributions of microstructures in thickness 
direction. The prediction results show good agreement with experimental results in both crack arrest length and shape of crack 
front. That is, the proposed model has a potential basis of the framework to establish the theory to clarify the relationship 
between microstructures and brittle crack propagation and arrest behavior. 
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1. Introduction 
Recently, increasing strength and thickness of steel plate are promoted due to the requirement of the significant 
enlargement for many ships and offshore plants in the heavy industries. It is considered that the increase of the 
thickness in steel makes the risk of brittle fracture higher. In addition, for such large steel structures, weld joints are 
frequently used, which can cause deterioration in toughness. It is actually difficult to remove welding defects fatigue 
cracks by repeated load during service completely. As a “double integrity”, prevention of brittle crack propagation 
as well as crack initiation is thus essential for large steel structures. 
The application of steels with high arrestability to the structures is directly effective to ensure the integrity. 
Therefore, there have been a lot of efforts on researches and developments of the steels with higher arrestability. In 
particular, it has been recognized that there is a strong correlation between microstructures and arrest toughness as 
an empirical knowledge supported by many experiment such as Ohmori et al. (1976) and Shirahata et al. (2014). 
As mentioned above, in the recent years, the high strength steels have been widely spread for actual use. They are 
generally made by low temperature rolling, so that the high strength steel shows not only stronger texture but also 
more nonhomogeneous distributions of grain size and orientation in the thickness direction than the conventional 
steels. It was reported that such a state of microstructures has a possibility to macroscopically enhance the 
arrestability of steel by Handa et al. (2012). In particular, a steel plate with higher arrestability at the mid-thickness 
position rather than at the quarter-thickness position shows a characteristic and complicated fracture surface 
morphology, called as “split-nail”, and also shows higher brittle crack arrest performance, which was reported by 
Tsuyama et al. (2012). However, there are not any theories which have quantitatively explained the relationship 
between brittle fracture and microstructures in the past investigations. 
According to the above mentioned facts, in the present paper, we propose a multiscale model to simulate the 
complex behavior of brittle crack propagation and arrest based on the information of microstructures of the steel in 
order to clarify the relationship between brittle crack propagation/arrest behavior and microstructures.  
2. Concept of the multiscale model 
One of the most major problems to be solved is a large “scale gap” between macroscopic and microscopic 
phenomena. Brittle fracture of the steel plate is generally in the scale of 100m . On the other hand, the 
microstructures as polycrystalline are generally in the scale of 10−6~10−4m, and moreover, the cleavage fracture 
condition on a crystal is in the scale of 10−9m. In addition, the brittle fracture in steel occurs in the significantly fast 
process with extremely strong material nonlinearity, which is difficult to be experimentally measured in detail.  
In the present paper, we show the first attempt to solve the problem of the scale gap between macroscopic and 
microscopic phenomena by a new proposal of multiscale model by a “model synthesis” approach. Fig.1 shows an 
outline of the proposed multiscale model, whose detail contents are found in Shibanuma et al. (2016) and 
Yamamoto et al. (2016). The multiscale model consists of two models: (1) a microscopic model and (2) a 
macroscopic model. The microscopic model simulates cleavage fracture in the grain scale. The macroscopic model 
simulates brittle fracture in the steel plate scale. The same framework for domain discretization and criterion of 
crack propagation is used in both the models for simplification.  
2.1. Domain discretization and criterion of crack propagation 
The framework is developed based on the model of McClintock (1997) and Aihara et al. (2011) which simulates 
microscopic cleavage fracture.  
Brittle crack propagation and arrest behavior in steel is the significantly fast process with extremely strong 
material nonlinearity. In particular, the crack path shows a complicated three-dimensional morphology. In the 
present study, the three-dimensional crack propagation is simulated quasi-three-dimensionally as follows: the entire 
domain is divided into rectangular unit cells, then the crack propagation is modeled by a step-by-step calculation. 
Fig.2 shows the schematic of the domain discretization and crack propagation modeling. 
The entire domain for the microscopic model is defined as a square whose size is 1mm by 1mm in the width and 
thickness directions of a plate, respectively. The entire domain is divided into square unit cells with the same size 
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which is equal to mean grain size. That is, each unit cell simulates a grain of steel in the microscopic model. On the 
other hand, the entire domain for the macroscopic model is defined as an actual plate size. The entire domain is 
divided into the square unit cells. Each unit cell corresponds to the entire domain of the microscopic model, so that 
the size of the unit cell in the macroscopic model is 1mm by 1mm in the width and thickness directions.  
The crack propagation is evaluated by the criterion comparing between driving force and resistance of crack 
propagation in terms of stress intensity factor, as 
𝑘𝑘 ≥ 𝑘𝑘f (1) 
where 𝑘𝑘 is the equivalent stress intensity factor as the driving force of crack propagation, and 𝑘𝑘f is the fracture 
toughness as the resistance of crack propagation. 
In the microscopic model, 𝑘𝑘f (= 𝑘𝑘fm) is defined as a material constant. On the other hand, in the macroscopic 
model, 𝑘𝑘f (= 𝑘𝑘fM) is calculated from the result of the microscopic modelw. Calculation of the stress intensity factor 
𝑘𝑘 in Eq.(1) is performed by a superposition of the approximate solutions for the effect of three crack shapes: (1) non-
straightness of the crack front, (2) non-planar of the crack surface, and (3) crack closure effect by the tear-ridge. In 
this calculation, the approximated effects of various crack shapes are superposed on the stress intensity factor for a 
crack having flat surface and straight crack front perpendicular to the crack propagation direction in the infinite body, 
𝑘𝑘1
∞, as 
𝑘𝑘1
∞ = 𝜎𝜎𝑦𝑦𝑦𝑦[𝑟𝑟c]√2𝜋𝜋𝑟𝑟c (2) 
where 𝑟𝑟c is the characteristic length, assumed as 𝑟𝑟c = 0.2mm, 𝜎𝜎𝑦𝑦𝑦𝑦 is tensile stress in front of the crack tip, which 
is obtained by the dynamic elasto-plastic finite element analysis performed in the macroscopic model.  
Fig.3 shows the schematic of the criteria and approximate calculation of the stress intensity factor. 
2.2. Microscopic model 
The calculation by the microscopic model is performed for simulating the cleavage fracture with the input data of 
grain size and orientation. The aim of the calculation is evaluation of (1) effective surface energy, and (2) direction 
of fracture surface. These quantities used as input data in the macroscopic model. 
Brittle fracture in steel is microscopically the continuation of cleavage fracture in grains. Cleavage fracture 
surfaces are known to form on {100} planes in a BCC polycrystal including ferrite as reported in Shibanuma et al. 
(2012). 
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Considering the above, the entire domain whose size is 1mm by 1mm, which corresponds to a unit cell in the 
macroscopic model, is discretized into square unit cells of the average grain size ?̅?𝑑 , so that each unit cell 
corresponds to a grain of steel. The stress tensor is assumed to act on the entire domain constantly because the entire 
domain is sufficiently small. The grain orientation is assigned to each unit cell to define {100} planes of the grain 
according to the distribution of the grain orientation. Fracture surfaces at each unit cell is simulated by selecting the 
{100} plane which the maximum normal stress is acting on as the following expression. 
𝜎𝜎n
max = max
𝑚𝑚=1,2,3
(𝐧𝐧𝑚𝑚)
T ∙ 𝛔𝛔[𝑟𝑟c, 𝜃𝜃𝑚𝑚] ∙ 𝐧𝐧𝑚𝑚 (3) 
where 𝐧𝐧𝑚𝑚 is a unit normal vector of the 𝑚𝑚-th {100} plane and 𝛔𝛔 is stress tensor near crack tip as the following 
expression. 
𝛔𝛔[𝑟𝑟, 𝜃𝜃] =
1
√2𝜋𝜋𝑟𝑟
∑𝑘𝑘𝑖𝑖𝐟𝐟𝑖𝑖[𝜃𝜃]
3
𝑖𝑖=1
 (4) 
where 𝐟𝐟𝑖𝑖[𝜃𝜃] is coefficient tensor functions of 𝜃𝜃 corresponding to the fracture mode 𝑖𝑖 . Crack propagation and 
arrest behavior are simulated by successively evaluating the criterion expressed by Eq.(1) at crack tip unit cell. 
For the integration of the microscopic model into the macroscopic model, two physical quantities are used: (1) 
effective surface energy 𝛾𝛾, and (2) direction of fracture surface 𝐧𝐧M. As mentioned above, the entire domain in the 
microscopic model corresponds to the unit cell in the macroscopic model, so that these quantities can be calculated 
from the fracture surface obtained by the microscopic model.  
The energy absorbing mechanism during brittle crack propagation has not been sufficiently clarified. In the 
present study, we assume that the plastic work to form tear-ridge is dominant in the total absolute energy to form the 
macroscopic fracture surface. The energy to form the tear-ridge can be calculated by the following formula.  
𝛾𝛾 =
1
2𝐴𝐴
∫𝑐𝑐𝑙𝑙2𝜏𝜏Y𝛾𝛾cm𝑑𝑑𝑑𝑑
𝑠𝑠
 (5) 
where 𝐴𝐴 is an area of the entire domain, 𝜏𝜏Y is shear strength, 𝑐𝑐 is a ratio of width and height of uncracked ligament, 
𝑑𝑑 is grain boundaries, 𝛾𝛾cm is critical shear strain. In the present study, two constants, 𝑐𝑐 and 𝛾𝛾cm, were assumed as 
𝑐𝑐 = 0.1 and 𝛾𝛾fm = 0.7 in reference to the past study by Sugimoto et al. (2014). Fig.4 shows an optical microscope 
photograph of tear-ridge and energy absorption by ductile fracture of tear-ridge. For the calculation of Eq.(1) in the 
macroscopic model, the arrest toughness 𝑘𝑘fM is calculated based on the linear elastic fracture mechanics theory, as 
𝑘𝑘fM = √2𝛾𝛾𝛾𝛾 (6) 
where 𝛾𝛾 is a Young’s modulus. 
The direction of fracture surface 𝐧𝐧M is obtained as the normal vector of approximated plane of the cleavage 
fracture surface by the least square method. 
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2.3. Integrated macroscopic model 
The integrated macroscopic model is formed as the multiscale model by a new approach of “model synthesis” by 
systematically incorporating (1) the preparatory macroscopic finite element analysis and (2) the Monte Carlo 
simulation for the microscopic analysis into (3) the macroscopic analysis for crack propagation and arrest. That is, 
the integrated macroscopic model is composed of the three-staged analyses. Fig.5 shows the procedures of the 
respective analyses in the integrated macroscopic model. The integration procedure is implemented by a one-way 
coupling algorithm for simplification.  
 (a)  Preparatory macroscopic finite element analysis 
The aim of the preparatory macroscopic finite element analysis is to obtain (1) stress tensor 𝛔𝛔 and (2) yield stress 
𝜎𝜎Y at the characteristic distance, which is assumed as 𝑟𝑟c = 0.2mm. 𝛔𝛔 and 𝜎𝜎Y is mainly used for the calculations of 
the local stress intensity factor 𝑘𝑘 in the following (b) Monte Carlo simulation of microscopic analysis for cleavage 
fracture and (c) integrated macroscopic analysis by model synthesis.  
The analysis was performed under the dynamic elastic-plastic condition without considering non-linearity of 
geometry. We employed the regression formula by Goto et al. (1994) as the yielding condition. The true stress-strain 
curve is approximated by the Swift’s equation. The strain hardening exponent is assumed to satisfy the regression 
formula by Toyosada et al. (1992).  
The nodal force release method is employed to simulate fast crack propagation. For simplification, the crack 
surface is assumed to be flat vertically to the loading direction and the shape of crack front is straight perpendicular 
to the crack propagation direction. Crack velocity is fixed as 𝑉𝑉 = 500m/s assumed to be just before crack arrest. 
The entire size of the model is decided by comparing the elastic Rayleigh wave velocity with the crack velocity so 
that the reflection of elastic wave at the boundaries did not interfere with the crack. The minimum element size along 
a crack is 0.05mm, which is determined to be smaller than the characteristic length of 𝑟𝑟c = 0.2mm for the assurance 
of accuracy. Fig.6 shows an example of the mesh and entire model of the finite element analysis. 
 (b)  Monte Carlo simulation of microscopic analysis for cleavage fracture 
The Monte Carlo simulation for microscopic model analysis as the second stage of the integrated macroscopic 
model is performed at the discrete evaluation points of the plate for efficiency of the whole analysis. A schematic of 
the microscopic analysis is shown in Fig.7. The input data of the microscopic model are (1) average grain size ?̅?𝑑, (2) 
distribution of grain orientation, (3) remote applied stress tensor 𝛔𝛔 and (4) yield stress 𝜎𝜎Y, at each evaluation point. 
Sufficient number of trials of the Monte Carlo simulation is required to make reasonable distributions of (1) the 
fracture toughness 𝑘𝑘fM and (2) the direction of fracture surface 𝐧𝐧M.  
 (c)  Macroscopic analysis by model synthesis 
The integrated macroscopic model as the multiscale model bridging the large gap in scale is simulate the 
macroscopic brittle fracture on the plate scale. 
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Considering the above, the entire domain whose size is 1mm by 1mm, which corresponds to a unit cell in the 
macroscopic model, is discretized into square unit cells of the average grain size ?̅?𝑑 , so that each unit cell 
corresponds to a grain of steel. The stress tensor is assumed to act on the entire domain constantly because the entire 
domain is sufficiently small. The grain orientation is assigned to each unit cell to define {100} planes of the grain 
according to the distribution of the grain orientation. Fracture surfaces at each unit cell is simulated by selecting the 
{100} plane which the maximum normal stress is acting on as the following expression. 
𝜎𝜎n
max = max
𝑚𝑚=1,2,3
(𝐧𝐧𝑚𝑚)
T ∙ 𝛔𝛔[𝑟𝑟c, 𝜃𝜃𝑚𝑚] ∙ 𝐧𝐧𝑚𝑚 (3) 
where 𝐧𝐧𝑚𝑚 is a unit normal vector of the 𝑚𝑚-th {100} plane and 𝛔𝛔 is stress tensor near crack tip as the following 
expression. 
𝛔𝛔[𝑟𝑟, 𝜃𝜃] =
1
√2𝜋𝜋𝑟𝑟
∑𝑘𝑘𝑖𝑖𝐟𝐟𝑖𝑖[𝜃𝜃]
3
𝑖𝑖=1
 (4) 
where 𝐟𝐟𝑖𝑖[𝜃𝜃] is coefficient tensor functions of 𝜃𝜃 corresponding to the fracture mode 𝑖𝑖 . Crack propagation and 
arrest behavior are simulated by successively evaluating the criterion expressed by Eq.(1) at crack tip unit cell. 
For the integration of the microscopic model into the macroscopic model, two physical quantities are used: (1) 
effective surface energy 𝛾𝛾, and (2) direction of fracture surface 𝐧𝐧M. As mentioned above, the entire domain in the 
microscopic model corresponds to the unit cell in the macroscopic model, so that these quantities can be calculated 
from the fracture surface obtained by the microscopic model.  
The energy absorbing mechanism during brittle crack propagation has not been sufficiently clarified. In the 
present study, we assume that the plastic work to form tear-ridge is dominant in the total absolute energy to form the 
macroscopic fracture surface. The energy to form the tear-ridge can be calculated by the following formula.  
𝛾𝛾 =
1
2𝐴𝐴
∫𝑐𝑐𝑙𝑙2𝜏𝜏Y𝛾𝛾cm𝑑𝑑𝑑𝑑
𝑠𝑠
 (5) 
where 𝐴𝐴 is an area of the entire domain, 𝜏𝜏Y is shear strength, 𝑐𝑐 is a ratio of width and height of uncracked ligament, 
𝑑𝑑 is grain boundaries, 𝛾𝛾cm is critical shear strain. In the present study, two constants, 𝑐𝑐 and 𝛾𝛾cm, were assumed as 
𝑐𝑐 = 0.1 and 𝛾𝛾fm = 0.7 in reference to the past study by Sugimoto et al. (2014). Fig.4 shows an optical microscope 
photograph of tear-ridge and energy absorption by ductile fracture of tear-ridge. For the calculation of Eq.(1) in the 
macroscopic model, the arrest toughness 𝑘𝑘fM is calculated based on the linear elastic fracture mechanics theory, as 
𝑘𝑘fM = √2𝛾𝛾𝛾𝛾 (6) 
where 𝛾𝛾 is a Young’s modulus. 
The direction of fracture surface 𝐧𝐧M is obtained as the normal vector of approximated plane of the cleavage 
fracture surface by the least square method. 
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2.3. Integrated macroscopic model 
The integrated macroscopic model is formed as the multiscale model by a new approach of “model synthesis” by 
systematically incorporating (1) the preparatory macroscopic finite element analysis and (2) the Monte Carlo 
simulation for the microscopic analysis into (3) the macroscopic analysis for crack propagation and arrest. That is, 
the integrated macroscopic model is composed of the three-staged analyses. Fig.5 shows the procedures of the 
respective analyses in the integrated macroscopic model. The integration procedure is implemented by a one-way 
coupling algorithm for simplification.  
 (a)  Preparatory macroscopic finite element analysis 
The aim of the preparatory macroscopic finite element analysis is to obtain (1) stress tensor 𝛔𝛔 and (2) yield stress 
𝜎𝜎Y at the characteristic distance, which is assumed as 𝑟𝑟c = 0.2mm. 𝛔𝛔 and 𝜎𝜎Y is mainly used for the calculations of 
the local stress intensity factor 𝑘𝑘 in the following (b) Monte Carlo simulation of microscopic analysis for cleavage 
fracture and (c) integrated macroscopic analysis by model synthesis.  
The analysis was performed under the dynamic elastic-plastic condition without considering non-linearity of 
geometry. We employed the regression formula by Goto et al. (1994) as the yielding condition. The true stress-strain 
curve is approximated by the Swift’s equation. The strain hardening exponent is assumed to satisfy the regression 
formula by Toyosada et al. (1992).  
The nodal force release method is employed to simulate fast crack propagation. For simplification, the crack 
surface is assumed to be flat vertically to the loading direction and the shape of crack front is straight perpendicular 
to the crack propagation direction. Crack velocity is fixed as 𝑉𝑉 = 500m/s assumed to be just before crack arrest. 
The entire size of the model is decided by comparing the elastic Rayleigh wave velocity with the crack velocity so 
that the reflection of elastic wave at the boundaries did not interfere with the crack. The minimum element size along 
a crack is 0.05mm, which is determined to be smaller than the characteristic length of 𝑟𝑟c = 0.2mm for the assurance 
of accuracy. Fig.6 shows an example of the mesh and entire model of the finite element analysis. 
 (b)  Monte Carlo simulation of microscopic analysis for cleavage fracture 
The Monte Carlo simulation for microscopic model analysis as the second stage of the integrated macroscopic 
model is performed at the discrete evaluation points of the plate for efficiency of the whole analysis. A schematic of 
the microscopic analysis is shown in Fig.7. The input data of the microscopic model are (1) average grain size ?̅?𝑑, (2) 
distribution of grain orientation, (3) remote applied stress tensor 𝛔𝛔 and (4) yield stress 𝜎𝜎Y, at each evaluation point. 
Sufficient number of trials of the Monte Carlo simulation is required to make reasonable distributions of (1) the 
fracture toughness 𝑘𝑘fM and (2) the direction of fracture surface 𝐧𝐧M.  
 (c)  Macroscopic analysis by model synthesis 
The integrated macroscopic model as the multiscale model bridging the large gap in scale is simulate the 
macroscopic brittle fracture on the plate scale. 
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The procedure in the integrated macroscopic model is composed of the two parts, i.e., in the part 1: assignment of 
the results (𝛔𝛔 and 𝜎𝜎Y) obtained by the above (1) the preparatory macroscopic finite element analysis and (𝑘𝑘fM and 
𝐧𝐧M) obtained by the above (2) the Monte Carlo simulation of the microscopic analysis in each unit cell, and in the 
part 2: simulation of crack propagation and arrest by the above (3) the macroscopic analysis.  
3. Application to crack arrest test for model validation 
For the model validation we proposed in the present study, the model is applied to the temperature gradient crack 
arrest test of the steel plates having nonhomogeneous distributions of microstructures in thickness direction.  
3.1. Test steel and Experiment 
Table. 1 shows chemical compositions of the test steel. 
The steel plate was rolled to 60mm in thickness under controlled temperature condition, hence it has 
nonhomogeneous distributions of microstructures in thickness direction. Table.2 shows (1) optical microscope 
photographs, (2) EBSD maps, (3) averaged grain sizes, (4) {100} pole figures, and (5) strengths of texture, for 
surface, in the quarter-thickness and mid-thickness of the plate, respectively. The width of the test plate is 300mm 
and yield stress is 394MPa.  
The experiment for temperature gradient crack arrest test was conducted in accordance with the standard, WES 
2815, by The Japan Welding Engineering Society (JWES) (2014). Fig.8 shows schematic of the temperature 
gradient crack arrest test. Applied stress was set as 𝜎𝜎a  = 177MPa. Temperature gradient near the arrested point 
was approximately d𝑇𝑇 d ⁄ = 0.55 °C mm⁄  in the width direction, where   is a coordinate in the width direction. A 
brittle crack was initiated by air-hammering.  
The experiment was conducted under the above conditions. Fig.9 shows the results of temperature distribution 
and arrested crack length. Fig.10 shows fracture surfaces obtained by the crack arrest test. The brittle crack was 
arrested at 154mm  and the crack arrest temperature was 𝑇𝑇 =  9.2°C . The fracture surface presents a typical 
morphology called as “split-nails”, where the crack front at the mid-thickness position retreats from that at the 
quarter-thickness position as noted in Fig.10. 
3.2. Model simulation and discussion 
The proposed multiscale model is applied to the temperature gradient crack arrest test mentioned above, where 
the brittle crack behavior after the crack length of 60mm was simulated in the present simulation for considering the 
influence of the impact loading.  
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The result of fracture surfaces at each crack length is shown in Fig.11. The crack was arrested at 15 mm in the 
simulation. The arrested crack length in the simulation was accurately consistent with that in the experiment of 
154mm. Fig.12 shows a comparison between experimental and simulation results of the fracture surface in the    
view and gaps of unit cell boundary. It is found that the proposed model successfully simulated the split nail and 
chevron pattern.  
According to the above discussion, the proposed multiscale model has successfully simulated the complicated 
brittle crack propagation/arrest behavior for the steel plate having nonhomogeneous distributions of microstructures 
in the thickness direction. Hence, it is found that the proposed model has been validated from the results of the 
comparison between the proposed model simulation and experiments.  
4. Conclusion 
The present paper proposed a new multiscale model by a “model synthesis” approach, as the first attempt to 
clarify the relationship between microstructures of steel and macroscopic brittle crack propagation and arrest 
behaviour. The multiscale model is composed of (i) microscopic model to simulate cleavage fracture in grain scale 
(10−6~10−3m), and (ii) macroscopic model to simulate brittle fracture in steel plate scale (10−3~100m). 
As validation, the proposed model is applied to temperature gradient crack arrest test of steel plate having 
nonhomogeneous distributions of microstructures in thickness direction. The multiscale model successfully 
simulates the experimental results in both crack arrest length and shape of crack front.  
The proposed model was developed by the “model synthesis” approach, so that it is able to add and to improve 
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The procedure in the integrated macroscopic model is composed of the two parts, i.e., in the part 1: assignment of 
the results (𝛔𝛔 and 𝜎𝜎Y) obtained by the above (1) the preparatory macroscopic finite element analysis and (𝑘𝑘fM and 
𝐧𝐧M) obtained by the above (2) the Monte Carlo simulation of the microscopic analysis in each unit cell, and in the 
part 2: simulation of crack propagation and arrest by the above (3) the macroscopic analysis.  
3. Application to crack arrest test for model validation 
For the model validation we proposed in the present study, the model is applied to the temperature gradient crack 
arrest test of the steel plates having nonhomogeneous distributions of microstructures in thickness direction.  
3.1. Test steel and Experiment 
Table. 1 shows chemical compositions of the test steel. 
The steel plate was rolled to 60mm in thickness under controlled temperature condition, hence it has 
nonhomogeneous distributions of microstructures in thickness direction. Table.2 shows (1) optical microscope 
photographs, (2) EBSD maps, (3) averaged grain sizes, (4) {100} pole figures, and (5) strengths of texture, for 
surface, in the quarter-thickness and mid-thickness of the plate, respectively. The width of the test plate is 300mm 
and yield stress is 394MPa.  
The experiment for temperature gradient crack arrest test was conducted in accordance with the standard, WES 
2815, by The Japan Welding Engineering Society (JWES) (2014). Fig.8 shows schematic of the temperature 
gradient crack arrest test. Applied stress was set as 𝜎𝜎a  = 177MPa. Temperature gradient near the arrested point 
was approximately d𝑇𝑇 d ⁄ = 0.55 °C mm⁄  in the width direction, where   is a coordinate in the width direction. A 
brittle crack was initiated by air-hammering.  
The experiment was conducted under the above conditions. Fig.9 shows the results of temperature distribution 
and arrested crack length. Fig.10 shows fracture surfaces obtained by the crack arrest test. The brittle crack was 
arrested at 154mm  and the crack arrest temperature was 𝑇𝑇 =  9.2°C . The fracture surface presents a typical 
morphology called as “split-nails”, where the crack front at the mid-thickness position retreats from that at the 
quarter-thickness position as noted in Fig.10. 
3.2. Model simulation and discussion 
The proposed multiscale model is applied to the temperature gradient crack arrest test mentioned above, where 
the brittle crack behavior after the crack length of 60mm was simulated in the present simulation for considering the 
influence of the impact loading.  
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The result of fracture surfaces at each crack length is shown in Fig.11. The crack was arrested at 15 mm in the 
simulation. The arrested crack length in the simulation was accurately consistent with that in the experiment of 
154mm. Fig.12 shows a comparison between experimental and simulation results of the fracture surface in the    
view and gaps of unit cell boundary. It is found that the proposed model successfully simulated the split nail and 
chevron pattern.  
According to the above discussion, the proposed multiscale model has successfully simulated the complicated 
brittle crack propagation/arrest behavior for the steel plate having nonhomogeneous distributions of microstructures 
in the thickness direction. Hence, it is found that the proposed model has been validated from the results of the 
comparison between the proposed model simulation and experiments.  
4. Conclusion 
The present paper proposed a new multiscale model by a “model synthesis” approach, as the first attempt to 
clarify the relationship between microstructures of steel and macroscopic brittle crack propagation and arrest 
behaviour. The multiscale model is composed of (i) microscopic model to simulate cleavage fracture in grain scale 
(10−6~10−3m), and (ii) macroscopic model to simulate brittle fracture in steel plate scale (10−3~100m). 
As validation, the proposed model is applied to temperature gradient crack arrest test of steel plate having 
nonhomogeneous distributions of microstructures in thickness direction. The multiscale model successfully 
simulates the experimental results in both crack arrest length and shape of crack front.  
The proposed model was developed by the “model synthesis” approach, so that it is able to add and to improve 
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the components in the model for more detailed discussion in the future. That is, the proposed model in the present 
study has a potential basis of the framework to establish the theory for the clarification of the relationship between 
microstructures of steel and macroscopic arrest toughness of steel plate, which was not sufficiently investigated in 
the past. 
Acknowledgements 
Part of this study was supported by Fundamental Research Developing Association for Shipbuilding and 
Offshore (REDAS) and JSPS KAKENHI Grant Number 16K14410. The authors would like to thank them. 
References 
Ohmori Y., Iwanaga H., Kawaguchi Y.and Terasaki F., 1976. Brittle Fracture Initiation and Propagation-Arrest Characteristics in Ferritic-
Pearlitic Steels, Tetsu-to Hagané, 62, 1017-1024, in Japanese. 
Shirahata H., Okawa T., Nakashima K., Yanagita K., Inoue T., Inami A., Ishida K., Minagawa M. and Funatsu Y., 2014. YP 460 N/mm2 Class 
Heavy Thick Plate with Excellent Brittle Crack Arrestability for Mega Container Ships, Nippon Steel & Sumitomo Metal Technical Report, 
400, 26-30, in Japanese. 
Handa T., Tagawa T. and Minami F., 2012. Correlation between Charpy Transition Temperature and Brittle Crack Arrest Temperature 
Considering Texture, Tetsu-to Hagané, 98, 32-38, in Japanese. 
Handa T., Igi S., Endo S., Tsuyama S., Tagawa T. and Minami F., 2012. Mechanism of Brittle Crack Arrest Toughness Improvement Due to 
Texture, Tetsu-to Hagané, 98, 548-557, in Japanese. 
Tsuyama S., Takeuchi Y., Nishimura K. and Handa T., 2012. Mechanism of Brittle Crack Arrest Toughness Improvement Due to Texture, 
Quarterly Journal of The Japan Welding Society, 30, 188-195, in Japanese. 
Shibanuma, K., Yamamoto, Y., Yanagimoto, F., Suzuki, K., Aihara, S., Shirahata H., 2016. Multiscale Model Synthesis to Clarify the 
Relationship between Microstructures of Steel and Macroscopic Brittle Crack Arrest Behavior - Part I: Model Presentation, ISIJ International 
56 2, 341-349 
Yamamoto, Y., Shibanuma, K., Yanagimoto, F., Suzuki, K., Aihara, S., Shirahata H., 2016. Multiscale Model Synthesis to Clarify the 
Relationship between Microstructures of Steel and Macroscopic Brittle Crack Arrest Behavior - Part II: Application to Crack Arrest Test, ISIJ 
International 56 2, 350-358 
McClintock F. A., 1997. A three-dimensional model for polycrystalline cleavage and problems in cleavage after extended plastic flow or cracking, 
Cleavage Fracture, George R. Irwin Symp., The Minerals, Metals, and Materials Society, Warrendale, PA, 81-94. 
Aihra S. and Tanaka Y., 2011. A simulation model for cleavage crack propagation in bcc polycrystalline solids, Acta Mater., 59, 4641-4652. 
Shibanuma K. and Aihra S., 2012. Dependence of Cleavage Facet Size in Ferrite Steel on Temperature, Tetsu-to-Hagané, 98, 184-189, in 
Japanese. 
Sugimoto K., Kawata I., Aihra S. and Shirahata H., 2014. Analysis of Cleavage Crack Propagation in Steels Having Anisotropy by Means of 
Three-Dimensional Polycrystalline Cleavage Fracture Simulation Model, Tetsu-to-Hagané, 100, 1274-1280, in Japanese. 
Gotoh K., and Toyosada M., 1994. A Simple Estimating Method of Constitutive Equation for Structural Steel as a Function of Strain Rate and 
Temperature, J. Soc. Nav. Archit. Jpn., 176, 501-507, in Japanese. 
Toyosada M., and Gotoh K., 1992. The Estimating Method of Critical CTOD and J integral at Arbitrary Crosshead speed, J. Soc. Nav. Archit. 
Jpn., 172, 663-674, in Japanese. 
The Japan Welding Engineering Society (JWES), Test method for brittle crack arrest toughness,  ca, WES 2815:2014, 2014.  
 
Initial crack
(a) (b) (c)
(d) (e) (f)
(g)
Crack arrest
 = 15 mm
 0 =  0mm  = 94mm  = 11 mm
 = 139mm  = 147mm  = 153mm
 
154mm
158mm
Split nails
Shear lipsChevron pattern
Gap of unit 
cell boundary
 1mm
 2mm
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simulation results in fracture surfaces Fig. 11  Simulation results of fracture surface 
